abbreviations ALFF = amplitude of low-frequency fluctuation; DLPFC = dorsolateral prefrontal cortex; DMN = default mode network; ECN = executive-control network; EDMS = encephaloduromyosynangiosis; fMRI = functional MRI; MES-EX = summation of executive subtests of Memory and Executive Screening; MMD = moyamoya disease; PCC = posterior cingulate cortex; PCu = precuneus; ROI = region of interest; STA-MCA = superficial temporal artery-middle cerebral artery; TIA = transient ischemic attack; TMT-B = Trail Making Test Part B; r = change in. obJective Chronic frontal hemodynamic disturbances are associated with executive dysfunction in adult patients with moyamoya disease (MMD). However, the impact of surgical revascularization on executive dysfunction and its underlying mechanism remains unclear. The aim of the present study was to examine the postoperative radiological correlates of cognitive improvement and thereby explore its underlying mechanism. MethoDs Fourteen patients who met the inclusion criteria were identified at Huashan Hospital, were operated on, and were successfully followed up for 6 months. Postoperative changes in cortical perfusion and regional amplitude of lowfrequency fluctuations (ALFF) were examined by SPECT and resting-state functional MRI, respectively. Executive function was evaluated by 2 tests (Trail Making Test Part B and the summation of executive subtests of Memory and Executive Screening [MES-EX]). Follow-up neuropsychological outcomes were then correlated with radiological changes to identify nodes functioning as leading contributors to postoperative executive outcomes. resUlts All patients underwent successful unilateral bypass procedures, with some operations performed on the left side and some on the right side. At the 6-month follow-up, the baseline and follow-up test scores for the different sides did not differ significantly. The group with good collaterals (Matsushima Grade A, 9 patients) exhibited significantly increased postoperative perfusion (change in [r] hemodynamics) in bilateral frontal (left, p = 0.009; right, p = 0.003) and left parietal lobe (p = 0.014). The Spearman's correlation test suggested that only the right frontal lobe exhibited significant positive postoperative radiological correlates with cognitive performance (rMES-EX vs rhemodynamics, r = 0.620, p = 0.018; rMES-EX vs rALFF, r = 0.676, p = 0.008; rhemodynamics vs rALFF, r = 0.547, p = 0.043). Subsequent regional ALFF analysis revealed that the right dorsolateral prefrontal cortex (DLPFC) was the only node in the responsible hemisphere to exhibit significant postoperative changes. conclUsions The results not only advance our understanding of pathological interactions of postoperative executive performance in adult MMD, but also indicate that the right DLPFC amplitude might be a quantitative predictor of postoperative executive control improvement.
M oyaMoya disease (MMD) is characterized by progressive stenosis of the terminal portion of the bilateral internal carotid arteries and is associated with an extensive network of cerebral collaterals of unknown etiologies. 22 MMD in adult patients is commonly accompanied by vascular cognitive impairment, with executive dysfunction being the hallmark cognitive deficit.
10, 26 Previous studies have shown that surgical revascularization is the only effective form of treatment for adult MMD, 19, 26 but its effectiveness in cognitive protection is still disputed.
Previous studies have revealed that vascular cognitive impairment is the consequence of chronic deficiencies in regional cerebral blood flow. 3, 6 Furthermore, structural changes in the brain have been detected in response to hemodynamic deficiencies, and surgical revascularization has been reported to reverse such structural changes. 7 The impact of surgery on executive performance in adult MMD and the underlying mechanism has not, however, been well studied.
Executive function arises from a collection of brain areas acting together as networks, particularly the executive control network (ECN), comprising mainly the dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex. 16, 25 A few studies of resting-state functional MRI (fMRI) have focused on the neuroanatomical deficits of the ECN in adult MMD, 13, 15 but to the best of our knowledge, the impact of surgical revascularization on these networks has not been reported yet. The amplitude of lowfrequency fluctuations (ALFF) (< 0.1 Hz) in blood oxygen level-dependent fMRI during rest arises primarily from spontaneous fluctuations of brain physiology and neuronal activity, which provides insight into the intrinsic functional architecture of the brain. 2 Thus far, ALFF analysis has been widely applied to detect spatial patterns in the brain activity of patients with cognitive impairment in fMRI studies. 15, 24 Using this resting-state fMRI approach, the present study was carried out to investigate the functional correlates of executive performance in patients undergoing surgery to explore the underlying mechanism and to identify regions that may serve as markers to detect cognitive changes in the procedure.
Methods

Participants and intervention
The observational study was approved by the institutional review board of Huashan Hospital and was conducted in accordance with the Declaration of Helsinki. All participants provided informed consent. Inclusion criteria were 1) right-handed Chinese population aged 18-80 years; 2) no evidence of infarct in the cerebral cortex, basal ganglia, brainstem, or cerebellum, but small patches of hyperintense signal neither larger than the arbitrary cutoff of 8 mm in maximum dimension on T2-weighted MR images nor cystic in the cerebral subcortical white matter could be involved; 12 3) no evidence of intracerebral hemorrhage; 4) diagnosis through digital subtraction angiography; 5) no surgery before recruitment; 6) physically capable of cognitive evaluation; and 7) absence of significant psychiatric disorders or neurological diseases that could compromise cognition. Patients with severe systemic or other cerebrovascular diseases and those taking drugs, such as benzodiazepine clonazepam, were excluded.
14 Fourteen consecutive adult patients (case group, mean age at diagnosis 37.4 ± 7.7 years, 57.1% male) were identified at our center from July 2013 to June 2014.
Surgical revascularization at our center was achieved by a combined superficial temporal artery-middle cerebral artery (STA-MCA) bypass and encephaloduromyosynangiosis (EDMS), 11, 30 and hemispheres with transient ischemic attacks (TIAs) matching the hemodynamic defects were targeted. Bypass patency was assessed intraoperatively through indocyanine green fluorescence imaging or Doppler ultrasound. Angiographic follow-up was evaluated by 2 radiologists who were not involved in the surgery. Transdural collaterals after revascularization were evaluated in accordance with the criteria proposed by Matsushima and Inaba, 18 defined as Grade A (area perfused by the synangiosis greater than two-thirds of the MCA territory), Grade B (one-third to approximately two-thirds), and Grade C (less than one-third).
After having been screened by MR angiography, 10 healthy, young subjects (mean age at assessment 39.2 ± 6.8 years, 60.0% male), without mental diseases, memory complaints, or any cerebrovascular disease, were successfully included in the study as controls.
neuropsychological assessment
A comprehensive battery of neuropsychological tests, including memory, attention, language, executive function, and visuospatial ability, was adopted, among which the Trail Making Test Part B (TMT-B) and a summation of executive subtests of Memory and Executive Screening (MES-EX) were adopted to assess the executive function preoperatively and during follow-up (Appendix 1). TMT-B is a popular test for identifying executive dysfunction, but the floor effect limits its application in people with a low level of education. 17, 29 However, the MES-EX is a brief screening test that is sensitive for illiterate and poorly educated individuals and focuses on 2 common components of executive function: set shift and dominant inhibition. 9 According to the previously established criterion based on performance deviation from the published normative means of the 2 tests, patients scoring 1.5 SDs away from the normative means of the 2 tests were considered to have domain impairments. 8, 14 In the present study, executive dysfunction was defined as impairments in both tests (scoring criteria shown in Appendix 2). A trained rater, unaware of the study aim or the patients' diagnoses, administered the neuropsychological tests to the participants.
evaluation of hemodynamic changes
Perfusion values in the brain regions were evaluated using SPECT/CT (Siemens, Symbia T16). Patients were maintained in the supine position, with eyes closed in a dark and quiet room for 30 minutes, and SPECT/CT scans were obtained after the intravenous injection of 1480 MBq of 99m Tc-ethyl cysteinate dimer (Neurolite, Bristol-Myers Squibb Pharma). Data were collected into a 128 × 128 matrix through a 360° rotation at steps of 2.8° for 80,000 counts per view. Filtered back-projection using an OSEM (ordered subset expectation materialization) 8, 16 was used for SPECT/CT image reconstruction. Each brain perfusion SPECT/CT study was quantified and compared with an age-and sex-matched normal database using the NeuroGam software package (Segami Corporation). This software applies an affine anatomical coregistration through blocks of data defined in the Talairach space.
Perfusion values were calculated for participants' brain regions, and those values were expressed in terms of SDs from the age-and sex-adjusted mean value derived from the normal database. Abnormal areas with hemodynamic defects were defined as those with decreased uptake below 2 SDs of the normal mean. To allow for determination of postoperative hemodynamic improvement, patients were required to undergo SPECT/CT preoperatively and during follow-up. An experienced nuclear medical physician, blinded to the results of neuropsychological testing and patient diagnosis, performed the image analysis.
resting-state fMri acquisition and Preprocessing
Data were acquired using a 3.0-Tesla intraoperative MRI system (Siemens Medical Solutions). 15 All fMRI data were acquired using gradient echo-planar imaging (TR 2000 msec, TE 35 msec; FOV 240 × 240 mm 2 ; matrix 64 × 64 mm; slice thickness 4 mm). The duration of the scan was approximately 10 minutes. For structural images, a 1-mmthick axial section was achieved using the fast spoiled gradient recalled echo inversion recovery sequence, and the parameters were as follows: TR 1000 msec, TE 5 msec, TI 400 msec, flip angle 20°, interslice space 0 mm, FOV 240 × 240 mm 2 , acquisition matrix 256 × 256. Statistical parametric mapping (SPM8, http://www.fil. ion.ucl.ac.uk/spm/) was adopted to preprocess the blood oxygen level-dependent data. Functional volumes were realigned using least-squares minimization without higherorder corrections for spin history and then normalized to the Montreal Neurological Institute template. Images were then resampled to 3-mm isotropic voxels and smoothed with a 4-mm full-width at half-maximum Gaussian kernel. Then the REST (Resting-State fMRI Data Analysis Toolkit) was adopted to perform linear trend subtraction and temporal filtering (0.01-0.08 Hz) on the time series of each voxel, aiming at reducing the effect of low-frequency drifts and high-frequency noise. 2 Finally, to lower the impact of variability across subjects (patients and controls) enrolled, we divided the ALFF value of each voxel by the global mean ALFF within the whole-brain mask achieved previously.
We assigned experienced technicians who were unaware of the study aim or the patient diagnoses to acquire the images and preprocess the data.
Data Processing
Postoperative Radiological Correlates of Neuropsychological Outcomes
Subtraction measure was used to define postoperative improvement, expressed as rALFF, rhemodynamics, and rMES-EX (rvalue = value post -value pre ). Regions of interest (ROIs) for ALFF were indicated by the SPECT/ CT map overlaid on the cortical surface, including bilateral frontal and parietal lobes. Mean ALFF and perfusion values in each ROI were then extracted, both preoperatively and during follow-up. Subsequently, Spearman's correlation test was adopted to measure correlates between rALFF, rhemodynamics, and rMES-EX separately in each ROI, to determine which hemisphere was directly responsible for postoperative cognitive improvement.
Regional ALFF Analysis
To elucidate the functional anatomy of postoperative cognitive changes and further explore the underlying mechanism, regional ALFF was analyzed. A 2-sample t-test was performed primarily between the case and control groups on individual normalized ALFF maps, obtaining the abnormal brain regions with ALFF changes of adult MMD (cluster size > 2295 mm 3 , corrected p < 0.05). The correction was determined by Monte Carlo simulations with the Analysis of Functional Neuroimages (AFNI) AlphaSim software. The linear correlation was then calculated between MES-EX scores and mean ALFF values across all voxels in these abnormal regions in the case group (corrected p < 0.05). After identifying the correlated regions, a mask was created to confine the regions for postoperative analysis.
Subsequently, a paired-sample t-test was performed between the post-and preoperative regional ALFF under the mask in the case group (results were generated automatically by the software, corrected p < 0.05). The brain nodes that were generated were identified using a published atlas of ROIs (http://findlab.stanford.edu/functional_ROIs. html). 27 Finally, results were referred back to the previously responsible hemisphere to identify nodes functioning as leading contributors to postoperative cognitive improvement.
statistics
Database management and statistical analyses were performed via SPSS 16.0 software (SPSS Inc.). Continuous variables were expressed as percentages or the means ± SD. The Mann-Whitney U-test was used to examine the differences between the case and control groups, as the variables had an abnormal distribution. Spearman's correlation analysis was used to examine the correlation between the neuropsychological and radiological data. A significance level of 0.05 was assumed.
results
Patient characteristics
The case and control groups did not significantly differ in age (p = 0.565), education level (p = 0.345), or sex distribution (p = 0.611). The case group spent significantly more time completing the TMT-B (148.5 ± 56.5 vs 102.7 ± 31.3 seconds, z = 2.235, p = 0.025) and exhibited a lower mean score on the MES-EX (40.8 ± 8.9 vs 47.0 ± 4.7, z = 2.563, p = 0.010) than the controls. The time for TMT-B completion and the MES-EX scores correlated well (r = -0.821; p = 0.001). One patient (7.1%) could not complete the TMT-B due to illiteracy; thus, we adopted the MES-EX as the main measurement for further analysis. The characteristics of the patients are listed in Table 1 . According to Suzuki's 6-stage classification, 23 3 hemispheres of the case group were graded Stage II, 15 were Stage III, and the remaining 10 hemispheres were Stage IV.
All patients underwent a unilateral bypass (of the left side in 7 patients), and surgeries were successfully performed, with a 100% patency rate for each anastomotic stoma procedure. No patients experienced ischemic or hemorrhagic episodes during the 6-month follow-up. The results of neuropsychological follow-ups are shown in Fig.  1 . With regard to different operated on sides, patients did not differ significantly in either baseline MES-EX (p = 0.671) or rMES-EX (p = 0.930). Angiographic follow-up indicated that 9 patients were Grade A according to the Matsushima criteria, whereas 4 were Grade B and 1 was Grade C.
Postoperative radiological correlates of neuropsychological outcomes
The characteristics of neuropsychological and radiological follow-up of the patients are listed in Table 1 . ROIs in the current study were set as bilateral frontal and parietal lobes. To assess the impact of bypass on postoperative hemodynamic changes, patients were divided into 2 groups: groups with good (Grade A) and moderate (Grades B+C) collaterals. The Mann-Whitney U-test was then used to account for differences in variance between the 2 groups. The results indicated that the group with good collaterals exhibited significantly increased rhemodynamics in the left frontal lobe (p = 0.009), right frontal lobe (p = 0.003), and left parietal lobe (p = 0.014) and also trended toward increased rhemodynamics in the right parietal lobe (p = 0.205; Fig. 2) .
The results of the Spearman's correlation test suggested that only the right frontal lobe exhibited significant positive correlations between rhemodynamics, rALFF, and rMES-EX, separately (rMES-EX vs rhemodynamics, r = 0.620, p = 0.018; rMES-EX vs rALFF, r = 0.676, p = 0.008; rhemodynamics vs rALFF, r = 0.547, p = 0.043). In addition, rhemodynamics of the left frontal lobe showed a significant positive correlation with rMES-EX (r = 0.610, p = 0.020) but a negative correlation with rALFF (r = -0.566, p = 0.035). The left parietal lobe exhibited only a significant correlation between rhemodynamics and rMES-EX (r = 0.589, p = 0.027; Fig. 3 , details of the correlation are shown in Appendix 3). Thus, the right frontal lobe was deemed to be the etiologically responsible hemisphere for postoperative cognitive improvement.
regional alFF analysis
The ALFF patterns of the case group are presented in Fig. 4A . Visual inspection revealed that, compared with controls, significant decreases in ALFF were observed mainly in the frontal and parietal lobes, whereas some prefrontal areas simultaneously exhibited significant ALFF increases. Subsequently, we performed a linear correlation test between the MES-EX scores and the mean ALFF values across all voxels in these abnormal regions (Fig. 4B ). Significant positive correlations were mainly observed in the parietal lobe, including the bilateral inferior parietal cortex, the posterior cingulate cortex (PCC), and the precuneus (PCu), as well as the anterior prefrontal cortex. Additionally, significant negative correlations were detected in the frontal lobe, including the bilateral DLPFC and subcortical regions.
The following paired-sample t-test indicated that, within the generated regions, only the PCC, left PCu, and right DLPFC exhibited significant postoperative ALFF differences (Table 2 and Fig. 5) . Notably, the right DLPFC was the only node detected in the right frontal lobe. Thus, we concluded that the right DLPFC might be the primary node for determining postoperative executive control improvement, whereas the PCC and left PCu followed with activity autoregulation due to topological reorganization.
Discussion
Using SPECT and resting-state fMRI, we investigated the impact of postoperative hemodynamic changes on executive function and the underlying pathophysiology in adult MMD. The main findings of the present study were as follows: 1) after intracranial bypass surgery, only in the right frontal lobe were the changes of regional hemodynamics simultaneously consistent with measures of intrinsic brain activity and cognitive performance; 2) the right DLPFC amplitude might serve as a quantitative predictor of postoperative executive control improvement; and 3) the PCC and left PCu were also involved in topological reorganization of brain networks associated with postoperative executive performance.
Although frontal hemodynamic deficits have been demonstrated to cause executive dysfunction in adult MMD patients, 3, 4 it is unclear whether restoring frontal perfusion by surgical revascularization can arrest or reverse this dysfunction. Moreover, the fundamental mechanism underlying this phenomenon is also unclear. The present study primarily confirmed the positive correlation between the postoperative perfusion improvement and surgical revascularization. Interestingly, the correlation was observed in all the frontal regions but in only a few of the parietal regions. We supposed that the main cause for this might have been due to the surgical strategy. All patients in the study were offered a unilateral combined STA-MCA bypass and EDMS via the modified pterional approach. To supply blood flow over a wide surface of the brain, we performed the bypass surgery though a frontotemporal crani- otomy that covered large areas of the frontal and temporal lobes rather than the parietal lobe. For the STA-MCA bypass, 1 branch of the STA was anastomosed to M4 or distal branches of the MCA, which mainly augmented blood flow in the frontal and temporal lobes. Additionally, EDMS has been proved to be effective in improving the hemodynamics of the frontal lobe. 4 Thus, compared with the parietal regions, it is reasonable to notice more robust hemodynamic changes in frontal regions.
We subsequently noted that, although postoperative cognitive improvement occurred in response to bilateral frontal perfusion restoration, only the right frontal lobe exhibited a simultaneous correlation with regional ALFF changes. This result implies that the etiologically responsible brain nodes might be located in the right frontal lobe. In addition, we noted that an increase in regional perfusion did not always occur in the revascularized hemisphere, a phenomenon reported in a previous study. 7 Variations in vascular collateral blood flow might be the cause of this phenomenon, and further investigation is needed.
Executive function is spatially driven by a set of networks that operate together, such as the left ECN, right ECN, and the dorsal default mode network (DMN). 16, 25, 28 Weiland et al. 25 indicated that the right DLPFC and left superior parietal gyrus/angular gyrus independently play a key role in bilateral ECNs separately. Wu et al. 27 also found that the right DLPFC and anterior cingulate cortex were the only 2 hubs in the bilateral ECNs that showed significant functional connectivity strength with executive function. The DLPFC is deemed to be a key node in the regulation of a wide range of executive processes, such as strategy formation, set shifting, and working memory. 20, 21 Taken together, we hypothesized that amplitude changes in the right DLPFC might serve as a biomarker for executive performance after surgery in adult MMD.
In addition, the PCC and left PCu were found to exhibit significant ALFF changes after surgery. The PCC/PCu is a core component of the DMN, implying that the DMN also contributed to postoperative changes of executive performance. 1, 5, 25 Previous studies indicate that the ECN and DMN operate together to support executive function. 16, 28 However, to our knowledge, few studies have related the Notably, there are certain limitations to the present study. Primarily, due to the strict inclusion and exclusion criteria, patients with cerebral infarction or intracranial hemorrhage were not included, resulting in a patient population with a relatively mild executive dysfunction. Thus, we cannot rule out the possibility that as adult MMD progresses, the ALFF values of nodes mentioned in the present study may change in the opposite direction or new nodes may be identified as being involved in cognitive changes. Second, the present findings are based on a small sample size. In the case group, 1 patient could not complete the TMT-B. Considering the small sample size, ruling out any patient would weaken the statistical power; therefore, we adopted the MES-EX as the main measurement and proved its sensitivity for all patients in the cohort. We propose that further investigations with increased cohort size are needed to boost the statistical power of the results. In addition, it was difficult to keep the results blinded because of the study design and easy recognition of patients with surgical scars. Although several measures were taken to keep results relatively objective, the potential for bias remained.
conclusions
The results of the present study not only suggest that the right DLPFC is the key node of executive control performance after surgical revascularization in adult MMD but also advance our understanding of postoperative functional network reorganization. In future studies, we will explore the functional connectivity between brain networks related to postoperative executive function in adult MMD.
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